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Abstract
We explore the capabilities of the LHC and the Linear Collider(LC) to distinguish
the production of Kaluza-Klein(KK) excitations from an ordinary Z ′ within the context
of theories with TeV scale extra dimensions. At the LHC, these states are directly
produced in the Drell-Yan channel while at the LC the effects of their exchanges are
indirectly felt as new contact interactions in processes such as e+e− → f f¯ . While we
demonstrate that the LC is somewhat more capable at KK/Z ′ differentiation than is
the LHC, the simplest LC analysis relies upon the LHC data for the resonance mass
as an important necessary input.
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1 Introduction and An Outline of the Problem
The possibility of KK excitations of the Standard Model(SM) gauge bosons within the frame-
work of theories with TeV-scale extra dimensions has been popular for some time[1]. The
proven variety of such models is very large and continues to grow. For example, given the
possibility of warped or flat extra dimensions one can construct a large number of inter-
esting yet distinct models whose detailed structure depends upon a number of choices, e.g.,
whether all the gauge fields experience the same number of dimensions, whether the fermions
and/or Higgs bosons are also in the bulk, whether brane kinetic terms are important[2] in the
determination of the KK spectrum and couplings and whether there exists a conservation
law of KK number or KK parity, as in the case of the Universal Extra Dimensions(UED)[3]
scenario. If such KK gauge excitations do exist how will they be observed at colliders and
how will we know that we have observed signals for extra dimensions and not some other
new physics signature? For example, it is well known that UED might be mimicked by
supersymmetry with somewhat degenerate superpartners at the LHC[3] unless the spins of
the new KK states can be measured as can be done at the LC or the higher KK modes
observed.
In the analysis below we will be interested in the question of distinguishing the lightest
KK excitations of the SM electroweak gauge bosons from a more conventional Z ′ at both the
LHC and LC. At the LHC, single KK/Z ′ production is most easily observed via the Drell-
Yan mechanism whereas, at the LC, the exchange of either set of states leads to contact
interaction-like modifications to processes such as e+e− → f f¯ . Here we will assume that the
LHC discovers a single, rather heavy KK state whose mass is beyond the direct reach of the
LC, a possibility consistent with the simplest TeV−1 extra dimensions scenario. The state
is assumed to be sufficiently massive, as indicated by current constraints from precision
measurements, so that higher KK states cannot be produced thus eliminating the most
obvious signature for KK production Though other scenarios are of course possible, the one
considered here is the simplest case to analyse; more complex possibilities will be studied
elsewhere.
The nature of our question and the above assumptions already limit our focus to a
rather specific class of extradimensional theories and excludes many others. For example,
at the tree level in UED, a conserved KK-parity exists which forbids the single production
or exchange of KK states by zero modes and thus this class of theories is clearly excluded
from our considerations. (We note, however, that at one loop the production of the even
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members of the KK tower are allowed by KK-parity conservation. The UED case and the
standard Z ′ scenario can then be most easily distinguished by the existence of the set of
first KK excitations with masses essentially half that of the KK state observed in Drell-
Yan.) In addition we can exclude models whose couplings and spectra are such that multiple
KK resonances will be directly observable at the LHC. In this case there can be no issue
of confusion as to whether or not extradimensional signatures are being produced (unless
one is willing to postulate the existence of a conspiratorial multi-Z ′ model). We also can
exclude from consideration the set of models wherein the KK excitations of only the SU(2)L
or U(1)Y gauge bosons can be produced. If either of these possibilities were realized and
the spectrum of the KK fields was such that second and higher resonances were beyond the
reach of the LHC, one can easily convince oneself that the KK and Z ′ interpretations cannot
be distinguished. (Of course the LC would tell us the couplings of these states and identify
them as ‘copies’ of those in the SM.) A similar situation holds for W± KK excitations even
when the entire SU(2)L×U(1)Y gauge structure is in the bulk since there are only one set of
KK excitations in this channel. Of course after making these few cuts in model space many
theories remain to be examined and a full analysis of all the possibilities is beyond the scope
of this paper.
The simplest model of the class we will consider is the case of only one flat extra
dimension; a generalization of our analysis to some of the more complex scenarios will be
considered elsewhere. In this basic scheme all the fermions are constrained to lie at one
of the two orbifold fixed points, y = 0, πR, associated with the compactification on the
orbifold S1/Z2[4], where R is the radius of the compactified extra dimension. Under usual
circumstances a 3-brane is located at each of the fixed points upon which ordinary 4-d fields
will reside. In principle, a SM fermion can be localized on the brane at either fixed point
consistent with the constraints of gauge invariance. In our discussions below we will consider
two specific cases: either all of the fermions are placed at y = 0(D = 0), the standard
situation, or the quarks and leptons are localized at opposite fixed points(D = πR). Here
D is the distance between the quarks and leptons in the single extra dimension. The latter
model, with oppositely localized quarks and leptons may be of interest in the suppression of
proton decay in certain schemes. (Certainly more complicated scenarios are possible even if
we assume generation independence and natural flavor conservation.) In such schemes the
fermionic couplings of the KK excitations of a given gauge field are identical to those of
the SM, apart from a possible sign if the relevant fermion under consideration lives at the
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y = πR fixed point, and an overall factor of
√
2. The gauge boson KK excitation masses are
given, to lowest order in (M0/Mc)
2, by the relationship M2n = (nMc)
2 +M20 , where n labels
the KK level, Mc = 1/R ∼ 1 TeV is the compactification scale andM0 is the zero-mode mass
obtained via spontaneous symmetry breaking for the cases of the W and Z. Here we have
assumed that any brane localized kinetic terms which may be present[2] do not significantly
alter these naive results. Note that the first KK excitations of the photon and Z will be
highly degenerate in mass, becoming more so as Mc increases. For example, if Mc = 4 TeV
the splitting between the first Z and γ KK states is less than ∼ 1 GeV, too small to be
observed at the LHC.
An updated analysis[4] of precision electroweak data implies that Mc >∼ 4 − 5 TeV,
independently of whether the Higgs field vev is mostly in the bulk or on the brane or upon
which of the fixed points the various SM fermions are confined. This is a mass range directly
accessible to the LHC for resonance production in the Drell-Yan channel. Interestingly, at a
LC with a center of mass energy of
√
s = 500− 1000 GeV the effects of KK exchanges with
masses well in excess of the Mc ∼ 4− 5 TeV range are also easily observable as is shown in
Fig. 1. This implies that there will be sufficient ‘resolving power’ at an LC to examine the
influence of somewhat smaller values of Mc in detail.
Of course this large value ofMc implies that the LHC experiments will at best observe
only a single bump in the ℓ+ℓ− channel as the next set of KK states, which are essentially
twice as heavy, >∼ 8− 10 TeV, are too massive to be seen even with an integrated luminosity
of order 1 − 3 ab−1[5]. (Such high luminosities may be approachable at an upgrade of the
LHC[11]; we will keep this possibility in mind in our analysis below.) This can be seen from
Fig. 2 which follows from assumptions that all fermions lie at either the y = 0 or y = πR
fixed points, i.e., D = 0 or πR. These apparently isolated single resonance structures are, of
course, superpositions of the individual excitations of both the SM γ and Z which are highly
degenerate as we noted above. It is this dual excitation plus the existence of additional tower
states that lead to the very unique resonance shapes that we see in either case. Note that
above the first KK resonance the excitation curves for the D = 0 and πR cases are essentially
identical. This figure shows that KK states up to masses somewhat in excess of ≃ 7 TeV
or so should be directly observable at the LHC or the LHC with a luminosity upgrade in a
single lepton pair channel.
It is important to note that if brane kinetic terms, we have so far ignored, are impor-
tant then the bounds on Mc from precision measurements can be significantly weaker due
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to reduced fermion-KK gauge couplings thus allowing for a much lighter first KK state. It
may then be possible to directly observe the higher excitations so that no confusion with Z ′
production would occur. However, parameter space regions may exist where such a possibil-
ity would not occur though the first excitation remains light; such scenarios are beyond the
scope of the present analysis and will be considered elsewhere.
Figure 1: 95% CL bound on the scale Mc as a function of the LC integrated luminosity from
the reaction e+e− → f f¯ , where f = µ, τ, c, b, t have been summed over. The solid(dashed)
curves assume a positron polarization P+ = 0(0.6); an electron polarization of 80% has been
assumed in all cases. From bottom to top the center of mass energy of the LC is taken to
be 0.5, 0.8, 1, 1,2 and 1.5 TeV, respectively.
If a gauge KK resonance structure is observed in Drell-Yan, how will this observa-
tion be interpreted? Here we imagine a time line where the LC turns on after several years
of data taking by the LHC at roughly the time of an LHC luminosity upgrade. Through
straightforward measurement of the lepton pair angular distribution it will be known im-
mediately that the resonance is spin-1 and not, e.g., a spin-2 graviton resonance as in the
Randall-Sundrum[6] model[7], provided sufficient luminosity is available. In addition, the
existence of an essentially degenerate pair of resonances in both the charged and neutral
Drell-Yan channels will forbid a possible graviton interpretation. Perhaps the most straight-
forward possibility for interpretation would be that of an extended gauge model[8] which
4
Figure 2: Production rate, in the Drell-Yan channel pp → e+e−X , for γ/Z KK resonances
as a function of dilepton invariant mass assuming a very high luminosity LHC. A rapidity
cut |ηl| ≤ 2.5 has been applied to the final state leptons. The red(green, blue, magenta)
histogram corresponds Mc=4(5, 6, 7) TeV, respectively. The black histogram is the SM
background. In the top panel all fermions are assumed to lie at the y = 0 fixed point, D = 0,
while the quarks and leptons are split, D = πR, in the lower panel.
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predicts the existence of a degenerate W ′ and Z ′; many such models already exist in the
literature[9]. Is it possible to distinguish this degenerate Z ′/W ′ model from KK excitations
without seeing any of the rest of the tower states? Clearly, based on the discussion above,
we must focus on differentiating the Z ′ from the first (and only observable) KK excitation
spectra below and around the peak. At least temporarily, only LHC data will be available
for this discrimination until the LC subsequently turns on.
2 What Can the LHC Tell Us?
The issue of KK/Z ′ differentiation at the LHC has been previously discussed to a limited
extent by several authors in Ref.[10]. The purpose of this section is to generalize those
analyses as well as to extend them to the case of higher integrated luminosities. Also, we
need to eventually make comparisons of the LHC results with those obtainable from the
LC. Though hopefully more comprehensive than this earlier work, the present analysis will
still leave much that remains to be studied even for the rather simple model we choose to
examine here. Pictorially we will consider the case Mc = 4 TeV but our analysis will be
extended to significantly larger compactification mass values.
Fig. 3 shows a closeup of the excitation spectra and forward-backward asymmetries,
AFB, for KK production near the first resonance region assuming Mc = 4 TeV and with
D = 0, πR. There are several comments to be made at this point before we begin our
analysis. First, for pp colliders, note that the forward-backward asymmetry is defined via
the angle made by the direction of the negatively charged lepton and the direction of motion
of the center of mass in the laboratory frame. This direction is assumed to be the same as that
of the initial state quark, which is reasonable given the harder valence parton distribution.
Second, we observe the by now familiar strong destructive interference minimum[1] in the
cross section for the D = 0 case nearM ≃ 0.55Mc which is also reflected in the corresponding
narrow dip in the asymmetry. This dip structure is a common feature that will persist even in
higher dimensional models or in models with warped extra dimensions. The precise location
of the dip is sensitive to model details, however. Third, we notice that the overall behaviour
of the D = 0 and D = πR cases is completely different below the peak while almost identical
above it. In fact, if anything, the D = πR case displays a strong constructive interference in
the region below the KK peak. This difference in the two excitation curves is due solely to
the additional factor of (−1)n appearing in the KK sum arising from the placement of the
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quarks and leptons at opposite fixed points. (Here, n labels the KK number of the state.)
Lastly, we note that the peak cross section and peak AFB values, respectively, are nearly
identical in the two cases. In the narrow width approximation we find that the two sets of
values are identical since the additional sign factors cancel.
For either D choice the excitation curve and AFB appear to be qualitatively different
than that which one obtains for typical Z ′ models[8] as is shown in Figs. 4 and 5. None of
the dozen Z ′ models produces resonance structures that appear anything like that seen for
the KK case. The resonance structure for the KK case is significantly wider and has a larger
peak cross section than does the typical Z ′ model where the strong destructive interference
below the resonance is absent. (We remember however that the height and width of the Z ′
or KK resonance also depends on the set of allowed decay modes.) In addition, the dip in
the value of AFB occurs much closer to the resonance region for the typical Z
′ model than
it does in the KK case. Clearly, while the KK resonance does not look like one of the usual
Z ′’s, we certainly could not claim, based on these figures, that some Z ′ model with which
we are not familiar cannot mimic either KK case. In fact, from the figures, one can more
easily imagine a Z ′ with stronger than typical couplings leading to an excitation structure
similar to the D = πR KK case, i.e., it seems more likely that the case of D = πR can be
mimicked by a (strongly coupled) Z ′ than does the D = 0 case.
In order to quantify the differences between the KK and Z ′ scenarios we must choose
observables that have reasonable statistical power associated with them and do not explicitly
depend on any assumptions about how the KK or Z ′ may decay, e.g., if the resonance has
non-SM decays such as into supersymmetric final states. Consider the D = 0 case; given the
100− 3000 fb−1 luminosity of the LHC and its upgrade, the invariant mass distribution will
only be useful as an observable for lepton pair masses above the Z pole and below ∼ 2.5 TeV
and as well as near the KK/Z ′ resonance. Outside these regions there is either no sensitivity
to new physics or the event rate is just too low to make decent measurements. As we noted
above the resonance region we cannot use fairly if we assume that all of the decays of the
resonance are a priori unknown. Once we are safely beyond the peak region the cross section
is quite small yielding too poor a set of statistics to be valuable.
Since the statistics required to determine AFB is significantly higher for a fixed value
of the invariant mass than it is for the mass distribution itself (because angular distributions
now need to be measured as well), its range of usefulness as a differentiating observable is
more restricted. Perhaps below ∼ 1.5 TeV in dilepton invariant mass sufficient statistics
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Figure 3: A comparison of the lepton pair invariant mass spectrum and forward-backward
lepton asymmetry for the production of a 4 TeV KK resonance for the two choices of D.
The red(magenta) histograms are for the case D = 0(πR).
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Figure 4: Same as in the previous pair of figures but now for a number of Z ′ models. The
red(green, blue, magenta, cyan, black) histograms correspond to E6 model ψ(χ, η), the
Left Right Symmetric Model with κ = gR/gL = 1, the Alternative Left Right Model and
the Sequential Standard Model, respectively. For descriptions of these models and original
references see Ref.[8].
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Figure 5: Same as in the previous pair of figures but now for a further set of Z ′ models. The
red(green, blue, magenta, cyan, black) histograms correspond to E6 model I, the Un-unified
Model with sφ = 0.6, the Foot-Hernandez model, the model of Kuo et al., a Z
′ coupling
proportional to hypercharge and E6 model η with gauge kinetic mixing parameter δ = 0.25,
respectively. For descriptions of these models and original references see Ref.[8].
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will be available to allow AFB to be useful. However, one might imagine that AFB may
also be helpful very near the peak region since we know that for the case of a Z ′, AFB is
approximately independent of what modes the resonance may decay into, unlike the cross
section. Naively, we would expect the inclusion of input from AFB data on the peak to
improve the results obtained below. However, it has been shown in our earlier work[10] that
even near the apparent KK pole, AFB depends on the relative total widths of the individual
γ and Z KK excitations, which is model sensitive. In the analysis presented below we will
ignore any additional guidance that may arise from considering the values of AFB at lepton
pair masses below ∼ 1.5 TeV and examine only the invariant mass distribution, i.e., the
possible additional information obtainable from AFB will be ignored in the present analysis
and will be left for later study.
Turning to our analysis, for Mc = 4(5, 6) TeV we begin by generating cross section
‘data’ corresponding to dilepton masses in the range 250-1850(2150, 2450) GeV in 100 GeV
bins for both the D = 0 and πR cases. To go any lower in mass would not be very useful
as we are then dominated by either the Z peak or the photon pole. For larger masses the
cross section is either too small in the D = 0 case or is dominated by the heavy resonance as
discussed above. Next we try to fit these cross section distributions by making the assumption
that the data is generated by a single Z ′. For simplicity, we restrict our attention to the
class of Z ′ models with generation-independent couplings and where the Z ′ has associated
with it a new gauge group generator that commutes with weak isospin. These conditions
are satisfied, e.g., by GUT-inspired Z ′ models as well as by many others in the literature[8].
If these constraints hold then the Z ′ couplings to all SM fermions can be described by
only 5 independent parameters: the couplings to the left-handed quark and lepton doublets
and the corresponding ones to the right-handed quarks and leptons. We then vary all of
these couplings independently in order to obtain the best χ2/df fit to the dilepton mass
distribution and obtain the relevant probability/confidence level(CL) using statistical errors
only. Systematic errors arising from, e.g., parton distribution function uncertainties will be
ignored. In practice this is a fine-grained scan over a rather large volume of the 5-d parameter
space examining more than 1010 coupling combinations for each of the cases we consider to
obtain the best probability. In performing this fit it is assumed that the apparent Z ′ mass is
the same as that of the produced KK state which will be directly measured. In this approach,
the overall normalization of the cross section is determined at the Z-pole which is outside of
the fit region and is governed solely by SM physics.
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Figure 6: Probability associated with the best Z ′ fit hypothesis as a function of the LHC
integrated luminosity for the cases D = 0 and D = πR. From left to right the curves
correspond to the choice Mc = 4, 5 and 6 TeV, respectively.
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The results of performing these fits for different values of Mc and the two choices
D = 0, πR are shown in Fig. 6. Explicitly, these show the best fit probability for the Z ′
hypothesis to the KK generated data. For example, taking the case D = 0 with Mc = 4
TeV we see that with an integrated luminosity of order 60 fb−1 the best fit probability is
near a few ×10−5. For such low probabilities we can certainly claim that the KK generated
‘data’ is not well fit by the Z ′ hypothesis. As the mass of the KK state increases the size
of the shift in the production cross section from the SM expectation is reduced and greater
statistics are needed to obtain the same probability level. For Mc = 5 TeV we see that an
integrated luminosity of order 400 fb−1 is required to get to the same level of rejection of
the Z ′ hypothesis as above. Similarly, for Mc = 6 TeV extremely high luminosities of order
7-8 ab−1 would be required to get to this level of probability, which is most likely a factor of
two or so beyond even that expected for the LHC upgrades unless combined data from both
detectors was used.
For the D = πR case we see the situation is somewhat different in that the level
of ‘confusion’ between the KK and Z ′ is potentially greater. This is what we might have
expected based on our discussion above. Even for the case Mc = 4 TeV we see that only
at very high integrated luminosities of order ∼ 1.5 ab−1 can the KK and Z ′ scenarios be
distinguished at the level discussed above. With Mc = 5 TeV, approximately 6 ab
−1 would
be required to reach the same rejection level. For larger KK masses this separation becomes
essentially impossible at the LHC.
3 What Can the LC Tell Us?
The analysis for the LC is somewhat different than at the LHC. No actual resonances are
produced but deviations from SM cross sections and asymmetries are observed due the s-
channel exchanges of the Z ′ or KK gauge boson towers. Though subtle these two sets of
deviations are not identical and our hope here is to use the precision measurement capability
of a LC to distinguish them. We will assume that data is taken at a single value of
√
s so
that the mass of the KK or Z ′ resonance obtained from the LHC must be used as an input
to the analysis as presented here. Without such an input the analysis below can still be
performed provided data from at least two distinct values of
√
s are used as input[12]. In
that case Mc becomes an additional fit parameter to be determined by the analysis from
the
√
s dependence of the deviations from the SM expectations. While this more general
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situation is certainly very interesting it is beyond the scope of the present analysis.
Consider the general process e+e− → f f¯ ; assuming KK states are actually present
with a fixed Mc as above, we generate ‘data’ for both the differential cross section as well
as the Left-Right polarization asymmetry, ALR, including the effects of ISR, as functions of
the scattering angle, i.e., cos θ, in 20 (essentially) equal sized bins. The electron beam is
assumed to be 80% polarized and angular acceptance cuts are applied. Our other detailed
assumptions in performing this analysis are the same as those employed in earlier studies and
can be found in Ref.[13]. We then attempt to fit this ‘data’ making the assumption that the
deviations from the SM are due to a single Z ′. For simplicity, here we will concentrate on the
processes e+e− → µ+µ−, τ+τ− as only the two leptonic couplings are involved in performing
any fits. In this case the D = 0 and D = πR scenarios lead to identical results for the shifts
in all observables at the LC, an advantage over the LHC case. Adding new final states, such
as bb¯ or cc¯, may lead to potential improvements although additional fit parameters now must
be introduced and the D = 0 and D = πR predictions would then again be distinct as at
the LHC. To be specific, we consider two cases for the LC center of mass energy:
√
s = 0.5
and 1 TeV. We remind the reader that while these two leptonic couplings are adequate to
describe the effects of Z ′ exchange the description fails in the case of KK states since towers
of both the γ and Z are being exchanged; this naturally requires three couplings in general
since the photon tower has only vector couplings to SM fermions.
As before in the LHC case we next vary the two assumed Z ′ couplings to leptons to
obtain the best χ2/df for the fit which then leads to the probabilities shown in Fig. 7. For
the case of a
√
s=500 GeV LC, we see that an integrated luminosity of 300 fb−1 is roughly
equivalent to 60 fb−1 at the LHC for the case of Mc = 4 TeV assuming D = 0. For larger
values of Mc the 500 GeV LC does slightly better at KK/Z
′ discrimination than the LHC:
800(2200) fb−1 at the LC equivalent is found to be roughly equivalent to 400(7500) fb−1 at
the LHC assuming Mc = 5(6) TeV. Since the D = 0 and πR cases are identical at the LC a
further advantage is obtained there as noted earlier. Once the LC energy increases to 1 TeV
the LC is seen to be superior in model separation but the analysis still relies upon the LHC
to input the value of Mc in the fits. The lower panel in Fig. 7 shows results for values of Mc
beyond the range of 7-8 TeV which is directly observable at the LHC. This would seem to
imply that by extending the present analysis to include input from at least two values of
√
s
we may be able to extend the KK/Z ′ separation out to very large masses at the LC.
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Figure 7: Same as the previous figure but now for a 500(1000) GeV LC in the top(bottom)
panel. The D = 0 and D = πR cases are identical here. From left to right the curves are for
the cases Mc = 4, 5, 6, .. TeV etc. The value of Mc is assumed to be determined at the LHC.
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As a final point one may wonder about the reverse problem, i.e., if the heavy resonance
observed at the LHC is a Z ′, how do we rule out the possibility of it being a KK state? From
performing the analysis discussed above at both the LHC and LC we would know that the
resonance couplings would be consistent with being a Z ′ and not a KK state (at least not
one of the type we have considered here). In particular, given the mass of the state from
the LHC, the LC with its excellent b and c tagging capabilities would be able to provide a
good fit to the various flavor couplings of the Z ′ in addition to the leptonic ones considered
here. Thus it seems reasonably straightforward that if a Z ′ is discovered, given the present
analysis and its extensions to other final states at the LC, it will be quite clear that it is
indeed a Z ′ and not a KK state.
4 Summary and Conclusion
New physics signatures arising from different sources may be confused when first observed at
future colliders. Thus it is important to examine how various scenarios may be differentiated
given the availability of only limited information. In this analysis we have performed a
comparison of the capabilities of the LHC and LC to differentiate new physics associated
with KK and Z ′ excitations. In the present study the LC reach was found to be somewhat
superior to that of the LHC but the LC analysis depended upon the LHC determination of
the resonance mass as an input. It would be useful to perform both of these studies at the
level of fast MC to verify the results obtained here, including systematic effects as well as
the input of AFB data at the LHC and Bhabha scattering data at the LC. The analysis as
presented here can also be extended to other scenarios which will be considered elsewhere.
As a final point one may wonder about the reverse problem, i.e., if the heavy resonance
observed at the LHC is a Z ′, how do we rule out the possibility of it being a KK state? From
performing the analysis discussed above at both the LHC and LC we would know that the
couplings would be consistent with being a Z ′ and not
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